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RESUMEN

Con base en las observaciones del Corondgrafo Espectrométrico de Gran Angular (LASCO) que se encuentra a bordo del
Observatorio Solar y Heliosférico (SOHO) estudiamos algunos parametros de las Eyecciones de Masa Coronal (CME) a distancias
de 6 a 10 radios solares. Desarrollamos un método nuevo para calcular la duracion, el incremento del brillo (sobre el nivel de
fondo) y la velocidad de la estructura delantera de las eyecciones. Estas propiedades son importantes para entender la dindmica de
las eyecciones cerca del Sol y son también criticas para estudiar su evolucion en el medio interplanetario usando modelos numéricos.
En este trabajo presentamos el método de anilisis y los resultados de la aplicacion de este método a un grupo de 9 eyecciones tipo
halo observadas durante 1997. Encontramos que i) la velocidad de las eyecciones obtenida con este método coincide con las
mediciones de otros observadores ii) la duraciéon promedio de la parte delantera de las eyecciones es de 8 hrs, y iii) la brillantez
maxima decrece con la distancia como una ley de potencias con indice promedio de -3.6.

PALABRAS CLAVE: Eyecciones de Masa Coronal, actividad solar.

ABSTRACT

Based on the observations from the Large Angle and Spectrometric Coronagraph (LASCO) on board the Solar and Heliospheric
Observatory (SOHO) spacecraft we studied coronal mass ejections (CME) parameters between 6 and 10 solar radii from the Sun.
We have developed a new method to obtain the duration, brightness enhancement (above the background) and speed of the leading
part of the CMEs. These properties are important in order to understand the dynamics of the CMEs near the Sun and their
evolution in the interplanetary space using numerical models. We present the method of analysis and the results of the application
of this method to a set of 9 halo CMEs observed during 1997. We found that i) the CME speeds obtained with this method are in
good agreement with measurements of other observers, ii) the average time duration of the CME leading part is 8 hrs. and iii) the
brightness maxima decrease with distance as a power law with a mean index of -3.6.

KEY WORDS: Coronal Mass Ejections, solar activity.

1. INTRODUCTION ent solar wind implying a strong and complex interchange

of momentum. The evolution of the CME in the interplan-

Coronal mass ejections (CME) are solar phenomena
that can affect Earth’s magnetospheric environment and some
technological systems (see e.g. Webb et al., 2000;
Gopalswamy et al., 2001a). The strongest geomagnetic dis-
turbances are caused by CMEs traveling towards Earth
(Vennerstroem, 2001). In order to mitigate the effects due to
CME impact, we need to understand their behavior in the
interplanetary medium. Recently Gopalswamy et al. (2000;
2001) developed an empirical model of CME acceleration
using the initial speed near the Sun and the interplanetary
CME (ICME) speed at 1 AU as input parameters. Gonzélez-
Esparza et al. (2002) performed one dimensional hydrody-
namic simulations of CME-like disturbances to study their
evolution in the interplanetary medium, reporting the strong
influence that the CME parameters have on their evolution.
When a CME is initiated it begins to interact with the ambi-
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etary medium depends on the characteristics of the CME and
the ambient solar wind ahead.

A general problem in any numerical study are the ini-
tial conditions. In order to study the evolution of a CME in
the interplanetary medium it is necessary to know their char-
acteristics (density, time duration, speed, etc.) and those of
the ambient solar wind near the Sun. Traditionally, the initial
conditions have been assumed and adjusted semi-arbitrarily
in order to obtain the best results as the output of the numeri-
cal code.

In this work we present a method to infer some CME
parameters near the Sun such as the time duration, speed and
brightness enhancement (as an approximation to the CME
density), at heliocentric distances of 6 to 10 solar radii (R,)
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where CMEs are well observed by the Large Angle and Spec-
trometric Coronograph (LASCO) on board the Solar and
Heliospheric Observatory (SOHO). These physical proper-
ties can be used for theoretical, empirical and numerical
models of CMEs.

In section 2 we describe the data and the method of
analysis used in this work. Next, we deduce and discuss the
time duration of each event (section 3). The brightness in-
crease during the CME at different radial distances is de-
scribed in section 4. In section 5 we obtain the CME speed
as deduced from the movement of both: the brightness peak
and the outer edge of the CME. We discuss briefly the limi-
tations of the method in section 6 and finally present our
conclusions in section 7.

2. DATA AND METHODOLOGY
2.1 Data

We used white light images from the LASCO C3 tele-
scope on board the SOHO spacecraft. LASCO C3 images
the outer corona from ~ 5 to ~ 30 R, (Bruckner et al., 1995).

For this study we selected 9 halo CMEs that occurred
during 1997. These CMEs were semi-arbitrarily selected

—30 —20 —10

based in the data coverage of each event. As an example, we
have shown the August 30, 1997 CME in Figure 1. This CME
originated from close to the disk center (N29E15) with a slight
north-easterly bias. The CME was first seen in the field of
view of the C2 coronograph at 01: 30 UT. All figures through-
out this paper refer to this halo CME.

2.2 Methodology

In order to infer the approximated CME properties, we
used the following procedure:

1. Obtain and calibrate the LASCO C3 images near and after
the CME onset time.

2. Select a position angle (PA, measured from Solar North
counter-clockwise) where the CME brightness enhance-
ment is better observed (the continuous line marked as
“CPA” in Figure 1). With one exception, we used the same
CPA as identified in the LASCO CME catalog (http: //
cdaw.gsfc.nasa.gov, Yashiro et al., 2003, manuscript un-
der preparation). This will help us to compare our mea-
surements with those documented in the CME catalog
for consistency.

3. Compute the coronal brightness at several heliocentric
distances, R =6, 7....,15 R, in eleven PA directions sepa-
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Fig. 1. ALASCO C3 difference image of the August 30, 1997 CME. The continuous line shows the central position angle (CPA) at which the
CME parameters are measured. The plus symbols mark the positions where the brightness is measured for further analysis. The inner gray
circle represents the occulting disk of LASCO C3. The bright feature surrounding the occulting disk in the halo CME in question.
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Fig. 2. Mean background brightness in mean solar brightness
(MSB) units in LASCO C3 images as computed from 6 to 25 R,.

rated by ~ 2° centered around CPA (marked with plus
symbols in Figure 1). In order to avoid noise fluctuations
and to perform a simple error analysis, we obtain the mean
and variance (or standard deviation) of the brightness in
the eleven PA directions at each selected R. This is equiva-
lent to measuring the mean brightness in a cone of 20°
wide around the CPA as a function of the heliocentric
distance. In Figure 2 we have plotted the mean value of
the background brightness and the associated error (stan-
dard deviation) as a function of the radial distance.

4. For each event, the previous steps were performed for each
available image. This way, we obtain an array of bright-
ness as a function of time and distance.

5. When we plotted the brightness versus time, the CMEs
are observed as brightness enhancements (upper panel in
Figure 3). In order to systematize the analysis, we fit a
gaussian curve to the brightness enhancement and get the
CME properties as the gaussian parameters (Gopalswamy
et al., 1996). In the next sections we describe these pa-
rameters. The lower panel of Figure 3 shows the gaussians
fitted to the observed brightness enhancement. In both
panels the higher curves correspond to smaller heliocen-
tric distances (6 to 15 R)).

3. TIME DURATION

We assume that the time duration (TD) of the CME
leading edge is the width at half maximum of the fitted
gaussian. This is a good approximation when the CME is
well observed, mainly at low altitudes, from 6 to ~ 10 R,.
After this altitude the brightness enhancement could be near
the noise level and the fitted gaussian can include noise en-
hancements.
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Figure 4 shows the CME TD as a function of radial
distances for the example CME. In general, the TD behavior
with the distance does not show a constant trend, but changes
from increasing to decreasing phases in the observed range
of heights. For example the TD of the 08-30-97 CME (Fig-
ure 4) was increasing from 6 to 10 R,, decreasing from 10 to
12 R,, and finally showed a less pronounced increasing phase
until 15 R,

Table 1 shows the TD for the 9 CMEs selected for our
study (column 1). We have tabulated the CME TD only from
6 to 10 R, because after this distance the brightness enhance-
ment may be contaminated by noise fluctuations (However,
the general trend was computed in the entire 6 - 15 R, range
as shown by the straight line in Figure 4). Due to lack of data
we were unable to compute the brightness enhancement at 6
R, for the 12-26-97 CME.

It is important to note that this TD corresponds to the
CME leading edge and in some cases the brightness enhance-
ment is complex and contains more than one peak. The TDs
do not show any regular behavior. Table 1 shows the mea-
sured TD from 6 to 10 R, (columns 2 to 6) for each CME.
The mean TD of each event in the 6 to 10 R, interval (col-
umn 7) is in the range 4.89 to 12.60 hrs. The rate of change
of TD with distance (in hrs/R;) computed over 6 - 15 R; is
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Fig. 3. CME brightness enhancement as a function of time. From

top to bottom, each curve represents the brightness change at 6, 7,

..., 15 R,. The observed values are plotted in the top panel and the
respective fitted gaussians are in the bottom panel.
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Table 1
CME Time Duration
date 6 7 8 9 10 mean rate
hrs. hrs/R;

02-07-97 7.76 871 9.37 8.16 7.55 8.31 -0.07
04-07-97 460 521 4.64 534 581 5.12 0.19
04-16-97 1038 9.75 9.99  9.89 9.29 9.86 -0.20
05-12-97 9,55 9.17 9.89 10.15 1029 9.81 0.38
08-30-97 380 451 494 536 584 489 031
09-17-97 11.12 12.07 12.01 13.48 1432 12.60 0.75
09-28-97 5.69 458 5.77 554 6.20 5.56 0.16
12-06-97 734 7.66 17.33 6.98 4.99 6.86 -0.45

12-26-97 7.74  8.13 8.67 1022 8.69 0.38
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Fig. 4. Time duration of the CME leading edge as a function of
heliocentric distance. A straight-line fit to the time durations
corresponds to a radial expansion speed of ~314 km/s.

also tabulated (column 8). As shown in Figure 4, the TD
seems to increase or decrease arbitrarily in the observed range
of heights. This behavior could be caused by the lack of time
coverage in the observations or by a complex interaction of
the CMEs with the ambient coronal material. The general
rate of change ranges from -0.45 to 0.75 hrs per R,. This
means that the maximum contraction (expansion) in the ra-
dial direction is about 0.5 (0.75) hour per solar radii.

4. BRIGHTNESS ENHANCEMENT

The CME density is hard to measure from the avail-
able data due mainly to the following reasons:
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1. The contribution of different coronal species to the ob-
served brightness: At lower altitudes, below ~ 1.3 R;, the
major contribution comes mainly from the electronic
coronal component, the so called K-corona
(Guhathakurta, 1989). After this distance, the contribu-
tion of the dust (F-corona) to the observed brightness
becomes increasingly important until ~ 5 R,, where it
completely dominates. However, during the CME en-
hancement the measured brightness is due to scatering
from the CME material and the dust contribution to this
enhancement is negligible.

2. The inversion method to obtain the electron density using
the observed polarization brightness (Van de Hulst, 1950)
is fully applicable when the Sun - electron - observer
(elongation) angle is ~ 90°. This means that this method
is well suited for limb CMEs. For non limb-CME events
the application of this method is limited and is worst when
the CME direction is towards the Earth (all of our CMEs
are Earth - directed).

3. The coronographs measure the brightness integrated along
the line of sight. Therefore, it is difficult to obtain a good
measure of the background brightness in the site where
the CME takes place.

In this work we obtain the brightness enhancement (BE)
corresponding to the passage of the CME at various heights
from 6 to 15 R,. In Figure 5 we have plotted the BE peak
(the gaussian height) as a function of the distance. A power
law of the form of BE = ¢,R” seems to represent very well
the decrease of BE with distance, where ¢, is a constant, R is
the heliocentric distance and « is the power law index.

Table 2 shows the BE measured above the background
level from 5 to 10 R, (columns 2 to 6, respectively). This BE

o
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Fig. 5. Density enhancement of the CME leading edge as a
function of heliocentric distance.



Table 2
CME Enhancement
date 6 7 8 9 10 o
MSB (x10') MSB (x10'?) MSB/R;

02-07-97 291 131 0.85 5.53 371 -3.86
04-07-97 1.61 0.69 049 3.26 210  -3.52
04-16-97 251 123 0.81 5.38 387 -3.57
05-12-97 0.84 043  0.30 1.97 143 -345
08-30-97 1.17 0,59 042 291 1.89  -3.26
09-17-97 349 175 1.22 8.31 578  -3.49
09-28-97 047 024 0.16 1.16 0.81 -3.53
12-06-97 332 149 095 6.05 4.64 -3.64
12-26-97 1.85 1.17 7.03 487 -3.84

is directly related to the CME density, although we do not
have a calibration function to transform from brightness to
electron number. However, it is possible to use this enhance-
ment as a proxy to the relative CME density. In our CME
list, the 09-17 97 CME is the brightest (highest density) with
a value of 3.5 x10"!"! mean solar brightness (MSB) units at 6
R, whereas the 09-28-97 CME is the weakest with 4.7 x10'?
MSB at 6 R,. The computed pawer law exponent ¢, for each
CME is tabulated in column 7. The mean value of « is -3.6
and ranges from -3.3 to -3.9 MSB/R, for the 08-30-97 and
02-07-97 CMEzs, respectively. This exponent represents the
rate of density decrease with distance. We note that this value
is greater than the accepted value of o = -2 for the ambient
corona density fall off (Leblanc et al., 1998). This result may
be reflecting a higher expansion rate of the CMEs compared
with the ambient solar wind.

5. CME SPEED

CME speed is one of the frequently measured CME
parameters (St. Cyr, 1999; Yashiro et al., 2003). The tradi-
tional method of measuring the speed is from the manual
measurement of the CME height in each frame and then fit-
ting a polynomial to the measurements. This traditional ap-
proach is somewhat subjective, so errors and discrepancies
between different observers are common.

In order to systematize the speed measurement we use
the information of the gaussian fit to the brightness enhance-
ment. We were able to follow the time of the maximum (and
the outer edge) of the gaussians, and since each gaussian
corresponds to a fixed distance (see sec. 2), the computation
of the CME speed is straightforward. This approach has two

CMEs in the near Sun interplanetary space

advantages: First, the speed measurements are free of fluc-
tuations or errors due to the observer criteria (with the ex-
ception of the CPA selection). Second, we are able to per-
form a simple error analysis.

The disadvantage of the method is that the indepen-
dent variable is the distance (we are choosing to measure the
CME characteristics at 6,7,..15 R,), and the time of maxi-
mum brightening is the dependent variable. We don’t have a
clear method to assign errors to the independent variable; by
taking half of the minimum scale gives errors too small and
assuming a Poisson distribution gives errors too large. On
the other hand we are able to compute the errors in the maxima
times. Then, in order to make a better error analysis, we use
time-height (T-H) plots instead the traditional H-T plots.

Figure 6 shows the plot of the time of each gaussian
maximum as a function of distance (in R,). The straight-line
is the first order polynomial adjusted to the points. In the
example shown, the speed of the brightest part of the CME
(Vinar) 1 538.4 = 62.0 km/s.

If we know the width and peak time of the gaussians, it
is possible to compute the time of the CME outer edge (OE)
defined as the time of the maximum plus half of the width of
each gaussian. Figure 7 shows the outer edge T-H plot, the
straight-line is the first order fit to the data. In this case the
OE speed (VOE) is 933.83 = 186.67 km/s. It is interesting to
note that the speed changes considerably if we use the bright-
ness maxima or the OE times.

As seen in Figure 7 and as reflected in the large associ-
ated errors, the OE speed have large fluctuations. This is due
to the TD fluctuations and may reflect real changes in the
CME structure due to CME - ambient corona interactions.

Time (hrs)
N
T

[}

Distance (R,)

Fig. 6. Time of the brightness enhancement peak as a function of
heliocentric distance. The continuous line is the first order polyno-
mial fit to the points.
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Fig. 7. T-H plot for the gaussian “outer edges” defined as the
gaussian maximum plus the width (see Figures 3 and 4).

The V... and Vo are tabulated in the second and third
columns of Table 3, respectively. Note that V. is only an
approximation because we fit a gaussian (i.e. symmetrical)
function to the BE which could or could not be symmetric.
In order to compare the method with the traditional method,
we need to compare our speeds with those from the SOHO
CME catalog: the CME speed obtained by fitting a first or-
der polynomial (V¢spsw) and the CME speed computed at 20
R, using the acceleration obtained from a second order fit
(Vao), The speeds Vespsw and Vi are listed in Table 3 (col-
umns 4 and 5).

Depending on the behavior of CME DT, V., and Vg
can have almost the same value (when the DT does not change
with time) as is the case for 02-07-97 and 04-16-97 CMEs.
On the other hand, the 12-06-97 CME shows the highest dif-
ference between V.., and V. This is due to the CME struc-
ture, in this case, two peaks seems to be interacting; the first
one which passed at ~15: 40 at 6 R, was a short time pulse,
the second one was a longer pulse with a peak at ~18: 50 at 6
R,. The amplitude of the second one was decreasing with the
distance. At 6 R, the second peak was higher than the first
peak whereas at 10 R, the amplitude was half of the first peak.
The decaying second peak modified the computed TD in such
away that at 6 R, the CME leading part has a long TD whereas
at higher distances (> 10 R,) the TD decrease dramatically.
So the V. is relatively high (956 km/s) reflecting the move-
ment of the first peak. On the other hand, Vg (434 km/s) is
lower, and reflects the fact that the second peak is disappear-
ing. As mentioned above this can be the result of the CME
ambient corona or CME-CME interactions.

There are discrepancies between values obtained with
this method and the Cspgy values for the speed. The differ-
ences may be due to the fact that Vgpsw and Vyy were com-
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Table 3
CME speed
date Vinax Vor Vesesw Vo
02-07-97  634.82 (77.07) 570.66 (62.28) 490 635
04-07-97  685.10 (46.60)  1036.15 (106.59) 878 896
04-16-97  190.31 (13.42) 173.91 (11.20) 87 323
05-12-97  268.00 (53.27) 370.27 (101.69) 464 220
08-30-97 538.43 (62.06) 933.83 (186.67) 371 551
09-17-97  188.49 (16.32) 311.69 (44.63) 377 377
09-28-97  489.32 (57.63) 541.44 (70.56) 359 409
12-06-97 956.34 (321.17) 434.54 (66.31) 397 525
12-26-97  272.59 (18.20) 366.44 (32.88) 197 378

puted using C2 and C3 data and V5 includes the CME ac-
celeration. However, taking into account the standard de-
viation, the V,,, and/or Vo of all except three CMEs (04-
07-97,09-17-97 and 09-28-97) are inside the range of Vspsw
and V. This indicates a reasonable agreement. The differ-
ences may be the result of measurements of different struc-
tures at different angles and are reflecting the complexity of
CMEs.

6. LIMITATIONS

Knowing of CME parameters is of fundamental im-
portance to understand the physics of such phenomena. Even
if the limitations of the present observations do not permit a
precise evaluation of these parameters, approximations may
be useful for both theoretical and computational models.
There are limitations of the method described above. The
important ones are:

* The low temporal resolution of the CME data makes it
difficult to obtain a good coverage of the BE, and results
in alow level of confidence in the fitting process. To mini-
mize the problem of lack of points during the fitting pro-
cess, we make an interpolation of the data points during
the BE. This interpolation does not alter the data but makes
the fitting process easy.

* The method can give confusing results in the case of com-
plex (multiple peaks) or low intensity events. This prob-
lem, as well as the previous, can be solved by increasing
the temporal resolution of the observations.



e Fitting a gaussian to compute the CME parameters is
straightforward. This is a very good approximation when
the CME is simple and has a regular peak. In the case of
asymmetric or complex CMEs, a gaussian would not give
the best CME parameters. To solve this problem, we are
planning to make a statistical study of the shape and com-
plexity of the CME leading part, so that select the best
fitting function.

Since our primary goal is to understand the interaction
of the Earth directed CMEs with the interplanetary medium,
we considered a series of halo CME. In the future, we will
apply this method to limb CMEs and compare the results
with those of the present study. Also, we are planning to
extend the method to analyze LASCO C2 data in order to
obtain an extended profile of the CME parameters.

7. CONCLUSIONS

We have presented a new method to determine the CME
leading edge parameters at different heliocentric distances
based on the analysis of LASCO C3 data. Applying this
method to a set of 9 halo CMEs observed in 1997, we found
that the CME time duration near the Sun ranges from 4.9 to
12.6 hrs. with a mean duration of ~ 8 hrs. The CME transit-
ing at different heights is seen as a brightness enhancement.
Measuring this enhancement relative to the background
brightness give us the possibility to obtain a proxy for the
relative CME density. The maximum value observed at 6 R,
is 3.5 x10""" MSB and the CME enhancement takes all val-
ues down to 13% of this value at 6 R,. The enhancement
value falls with the distance as a power law, with the expo-
nent in the range -3.3 to -3.9 and with a mean value of -3.6.
The CME speeds have been evaluated at two points: at the
brightness maximum and at the outer edge of the CME. The
computation of V,,,. has higher confidence as seen by the
low standard deviation values. On the other hand the Vg
carry the errors of the CME time duration plus the errors of
the V.., resulting in large standard deviation values that
lower the level of confidence in the speed computation. The
Ve are comparable with CME speeds measured by other
observers.

The method of analysis has some limitations, but seems
to be useful to obtain realistic values for the CME time du-
ration needed as an input to simulation studies. It is also
possible to use the brightness enhancement as a proxy for
the evaluation of the relative CME density. Finally, the speed
of the brightness enhancement can be computed systemati-
cally free of fluctuations due to observer differences.
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